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t 9 f/ INTRODUCTION AND SUHMARY 

T h i s  report describes the work performed during the f i f t h  period of  
a reaearoh card development contra& on CdS thin film photovoltaic cel ls  
eponsored by the Lewis Reaearoh Laboratory of NASA with Dr. Andrew E. Potter 
act* as contract monitor. 

c 

During %h.La period 8 study was init iated t o  compare fi lms evsporated 
front different C B  materfals.  
or ien ta t ion ,  resistivity, mobility and c a r r i e r  concentration. 
also msde xi th t h e s e  f i L ~  and t h e  r e s ~ ~ l t s  a r e  included i n  t h e  study. 

These films were compared f o r  crystal lite, 
Cells were 

Some work i s  reported on at tenpts  t o  electroform t h e  c o l l e c t o r  mesh 
i n  s i t u .  

The molybdenum subs t ra te  thickness has been reduced t o  one mil, bu t  
i t s  use i s  l imited by t he  condition of t h e  mater ia l  a s  supplied.  

Preliminary work was accomplished i n  designing a new lamination process 
which would have a shor t  h e a t  and cool  cycle, thereby insur ing  less damage 
t o  t h e  transmission and other physical p roper t ies  of t h e  p l a s t i c s .  

Certain improvements i n  t h e  c e l l  package a r e  discussed. 

Equivalent c i r c u i t  models a r e  a l s o  reviewed. 

The work planned f o r  t h e  next period i s  out l ined,  A IjrCf-dq 
EVAP02IAT I O N  

When the  evaporated CdS f i l m  c e l l  evolved from the  CdS single c r y s t a l  
c e l l  t h e  o r ig ina l  mater ia l  used as  an evaporant was s i n g l e  c r y s t a l  mater ia l .  
Subsequently it was discovered t h a t  it was possible  t o  use s in t e red  poly- 
c r y s t a l l i n e  mater ia l  a s  an evaporant. Now, a s  described i n  t h e  l a s t  r e p o r t ( l )  
raw powder has been found t o  be su i tab le  a s  an evaporant. 
by seve ra l  manufacturers has been t r i e d ,  but  only the  G.E. mater ia l  has been 
handled s a t i s f a c t o r i l y  by the  present t oo l ing  i n  t h e  evaporators.  
mater ia l s  there  was considerable spa t te r ing  on t h e  films. 
has been found t o  be due t o  t h e  grain size a s  i s  shown i n  t h e  following 
comparison. The grain s i zes  R S  found by microscopy were8 

Powder supplied 

With o ther  
This spa t t e r ing  

G. E. Powder: 

Range = less than 1 micron t o  3 microns 

Majority = 1.5 microns t o  2 microns 

Merk Powder: 

Range = l e s s  than I. xicron to 50 microns 

Majority = less than l m i c r o n  t o  1.5 microns 

1 



Sylvania Powder: i .  
I Range - lea8 then 1 micron t o  40 ndurons 

MJority - lese than 1 aduron t o  1,s microns 
\ 
z ,  

hident* the production process of Cds powder varies with each supplier, 
' Som -sa dll be wads t o  the variaus suppliers t o  determine whet wight 
be done to  obtain 8 more unifom pertiale eise. 

In t h e  meantime: there  a re  two methods t h a t  can be used t o  handle 
evaporants containing many f i n e s ,  
an attempt t o  e l iminate  t h i s  spa t te r .  
If not,  t h e  f i lament  can be redesigned t o  incorporate  the proven method or' 
fo rc ing  t h e  vapors t o  make enough 90' turns, so t h a t  a l l  t h e  f i n e s  drop out,  
and remain behind when the  CdS vapors leave t h e  f i lament .  

F i r s t  t h e  f i laments  can be modified i n  
Thicker quartz  plugs might be su f f i c i en t .  

A second method i s  t o  charge the f i laments  with p e l l e t s  produced by press- 
The r e s u l t s  obtained from t h e  use of pressed p e l l e t s  i n d i c a t e  ing  t h e  powder. 

t h a t  t h i a  procedure i s  sat isfactory.  
ab le  f o r  t h i s  purpose added too many contaminents t o  t h e  powder, and hence 
t o  the  fi lms. 
pellets should not be very great ,  o r  t h e  evaporation r a t e s  become very un- 
predictable .  
process 

However, t h e  p e l l e t  p ress  t h a t  was ava i l -  

It was a l so  indicated t h a t  t h e  pressures  used t o  form t h e  

Pressed pellets should prove most convenient f o r  a production 

EVAPORATION MATERIAL STUDY 

As s t a t ed  above many types of s t a r t i n g  mater ia ls  can apparently be employed 
t o  produce good CdS film c e l l s .  
s t a r t i n g  mater ia ls ,  and t h e  f i lms  and c e l l s  produced from them. 
or ien ta t ion ,  gra in  size, r e s i s t i v i t y ,  mobil i ty  and c a r r i e r  concentration of 
t h e  f i lms  were examined. The e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  c e l l s  made 
from these  f i lms were a l so  studied. 

A study was i n i t i a t e d  t o  compare severa l  
The c r y s t a l  

The mater ia ls  se lec ted  f o r  t h i s  comparison were General E lec t r i c  powder, 
s i n t e r e d  General Electric powder, Sylvania powder, Merk powder, Eagle-Picher 
powder, and s ingle  c r y s t a l  material  grown from General E l e c t r i c  powder. 

Table I shows t h e  spectrographic ana lys i s  for c e r t a i n  impur i t ies  i n  these  
mater ia ls .  

Except f o r  t h e  la rge  amount of calcium i n  t h e  Merk powder, it i s  evident 
t h a t  t he re  a r e  no g rea t  s ign i f icant  d i f fe rences  i n  impuri t ies  i n  the  various 
mater ia l s .  
t e s t s  ac tua l ly  looked best .  
c r y s t a l  mater ia l  were made using the G.E. powder a s  a s t a r t i n g  mater ia l ,  
Ce r t a in ly  because of the  complete d issoc ia t ion  t h a t  occurs i n  t h e  evaporation 
process,  and t h e  vapor pressures present some f u r t h e r  p u r i f i c a t i o n  W i l l  occur 
during f i l m  desposit ion.  

The pa r t i cu la r  batch of General Elec t r ic  powder included i n  these  
Both the s in t e red  mater ia l  and t h e  s i n g l e  

2 
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X-by Anelyeis 

evaporator. The geometry of the vapor source, t h e  suba t ra te ,  end t h e i r  
respective heaters wai s i n i l o r  t o  that previously reported.2 
nade t o  keep evaporating techniques constant. 
was t o  doterahe tihrt uhmgsr in film etmcture, If any, could be attributed 
t o  the Cds 80umo ~ t S r i i l ,  If noticeable effects a r e  absent,  severa l  forms 
of CdS are &table for evapcjrsting f'ilju8. 
and deposit fn a manner which is independent of  preparat ion.  However, differ- 
ences i n  impurity content,  p a r t i c l e  s i z e  and o ther  chemical o r  physical  
p roper t ies  may e f f e c t  changes i n  kine deposited f i lm .  

T h i n  film of the materiala wore deposited by use of  t h  standard 

Ef fo r t s  were 
The purpose of t h e  experbents 

A priori  Cds should evaporate 

-2 7 -- c/u113 of the various CdS snilrces were evaporated on g l a s s  and molybdenum 
subs t r a t e s  which were in t u r n  studied by x-ray techniques. 
evaporation onto molybdenum a glass s u b s t r a t e  was included so t h a t  t he  film 
on t h e  g l a s s  could be used f o r  r e s i s t i v i t y  and h a l l  measurements, s ince  a 
non-conductive subs t ra te  i s  required. 
c e l l  fabr ica t ion .  
molybdenum by x-ray. 

For each 

The films on molybdenum were used f o r  
It WBS possible however t o  s tudy f i lms  on both g l e s s  8nd 

After t h e  evaporated CdS f i lms were prepared, they were examined by 
x-ray procedures f o r  l a t t i c e  spacing changes, o r ien ta t ion ,  and r e l a t i v e  
c rys ta l l i t e  s ize .  It may Qe 
not iced  t h a t  t he  d spacings of the (002) planes a r e  constant  a t  3.359- 0.01A. 
The (002) planes are nearly p a r a l l e l  t o  t h e  subs t ra te  and s m a l l  d i f fe rences  
i n  spacings may be caused by f i lm  thicknesses,  s t r a i n ,  measurement e r ror ,  and 
de fec t  content.  
The peak i n t e n s i t y  of (002) i s  measured i n  a number of planes, o r  c r y s t a l l i t e s  
or ien ted  p a r a l l e l  t o  t he  substrate .  
The General E l e c t r i c  s in te red  power evaporated on g l a s s  subs t r a t e s  appears t o  
give t h e  bes t  o r ien ta t ion .  However, t h i s  could be f o r t u i t o u s .  It i s  known 
t h a t  b i a x i a l  o r i en ta t ion  occurs i n  Cds films and more complete pole  figures 
a r e  needed t o  confirm r e s u l t s ,  The width a t  half  maximum f o r  (002) may be 
taken a s  an ind ica t ion  of c r y s t a l l i t e  size i n  a d i rec t ion  perpendiculer t o  
t h e  subs t ra te .  Larger widths correspond t o  smaller c r y s t a l l i t e  s i zes .  Here 
again t h e  range of observed widths  i s  quite sca t t e red ,  
a r e  d i f f i c u l t  t o  form. 

The data have been assembled i n  Table 11. 

No spec i f i c  data  can be cor re la ted  with t h e  source alone. 

Many var iab les  can change t h i s  or ien ta t ion .  

Def in i te  co r re l a t ions  

Likewise t h e  widths are influenced by s t r a i n  and other  defec ts  which a r e  
always present  i n  t h e  films. In conclusion t h e  l imi ted  da ta  given here show 
no outstanding differences which may be a t t r i b u t e d  t o  t h e  o r i g i n a l  source of  
t h e  CdS . 
Film Propert ies  

The r e s i s t i v i t y ,  mobility, and c a r r i e r  concentration were a l so  determined 
f o r  t he  films made from the various aource mater ia l s .  
results. 

Table I11 l ists  t h e  

These measurements indicated t h a t  t h e  films made from O.E. powder d isp lay  
a r e s i s t i v i t y  of about an order of magnitude higher than those made from 
s i n t e r e d  mater ia l .  Because of the higher r e a i s t i v i t y ,  t h e  thinness  of t h e  films, 
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and tb avai lab le  equipment, no measurements of t h e  mobil i ty  o r  c a r r i e r  
concentration for t h e  O.E. powder film19 was obtained. The Sylvania powder 
fllme 8hOwsd a very l o w  resistivity, 8nd a s l l g h t l y  high carrier concentratlon. 
A muoh lower carrier ooncentretion was nierarred In  t h e  Eagle-Pitcher films 
which displayed a Mgh mobility. Horr data will have t o  be obtained t o  

* O-IOtO ttW & O t U r S .  

cell Prop*& f. I 
i The f i b s  frm the various materials  were processed i n t o  c e l l s  i n  order  

t o  check t h e  e l e c t r i c a l  propert ies  o f  t he  f in i shed  cells. 
spa t te r ing  on the  f i lms made from Sylvania end Nerk powder, it 'vi88 r i o t  possible 
t o  f ab r i ca t e  cells from these  materials,  
from i.S$ t o  3.0% i n  eech g r o q  except those made from s i n g l e  c rys t a l .  
averaged only l$ t o  2%. 
s ing le  c r y s t a l  mater ia l .  

Because of t h e  

I n  general  the  e f f i c i e n c i e s  ranged 
These 

In  the  past many very good c e l l s  have been made from 

No s ign i f i can t  differences were noted i n  open c i r c u i t  voltages,  o r  
s h o r t  c i r c u i t  cur ren ts  i n  any one group of  cells. 

One property t h a t  did vary was t h e  shunt res i s tance .  To evaluate  t h i s  
property t h e  value of shunt res i s tance  obtained from t h e  I -V Curves was 
mul t ip l ied  by the  c e l l  area because t h e  c e l l  areas  var ied from 1 2  cm* t o  210 cm2. 
This n rmalized v a h e  of shunt res i s tance  ranged from 100 ohm cm2 t o  31 x 103 

i n  p a r t i c u l a r  t o  t h e  p a r t i a l  shorting paths such as pin  h o l e s ,  g ra in  boundaries,  
etc. 

ohm cm s . It is f e l t  t h a t  this great  var ia t ion  i s  due t o  t h e  film s t ruc tu re ,  and 

The s e r i e s  res i s tance  i s  of spec ia l  i n t e r e s t  s ince  a decrease of t h i s  
property would mean an immediate increase i n  c e l l  e f f ic iency .  
appeared t o  be some indica t ions  t h a t  s e r i e s  r e s i s t ance  might be cor re la ted  t o  
t h e  bulk r e s i s t i v i t y  o f  t h e  film.3 However a f t e r  t he  values were adjusted by 
us ing  t h e  c e l l  areas  t o  obtain a common f igure ,  no co r re l a t ion  was evident.  
The series res i s tance  var ied  from 4 t o  25 ohm cm2. The f i lm  r e s i s t i v i t i e s  
ranged from 0.6 ohm cm t o  14  x 10 ohm cm. 
of t h e  ce l l  i s  due t o  t h e  bulk resistivity of t h e  film, it will be very hard t o  
separa te  it from t h e  t o t a l  series res i s tance .  

I n a t h e  p a s t  t he re  

If much o f  t h e  s e r i e s  r e s i s t ance  

COLLECTOR ELEXTRODE 

The co l l ec to r  e lectrode t h a t  is present ly  used i s  a gold electro-formed 

I n  order  t o  overcome 
The most a t t r a c t i v e  pro- 

mesh. This mesh i s  s a t i s f a c t o r y  i n  most respects ,  but  i s  expensive and not 
as firmly at tached t o  t he  barrier 8s might be desired.  
t hese  problems, severa l  approaches have been used. 

be economical, and y i e l d  a co l lec tor  firmly attached t o  t he  sur face ,  An 
immediate answer t o  cos t  reduction is t h e  u t i l i z a t i o n  o f  o ther  metals t o  
r ep lace  t h e  gold. 
one-third the  cos t  of t h e  gold. 

' cedure would be t o  electroform the mesh i n  place, on t h e  b a r r i e r .  This could 

Metals such as copper and n icke l  a r e  ava i lab le  e t  about 

Electroforming 

Some experiments have been car r ied  out  i n  forming a conducting me ta l l i c  

7 



grid on t h e  b a r r i e r  surface.  
g r i d  has been e lec t ropla t ing  through a photo-resis t  mask. Se lec t ive  
etching of ankevaporated or  p la ted  metallic film has a lao  been t r i e d .  

a mask on the barrier eurfacs suffer f r o m  a r a t h e r  low open circuit  voltage,  
although ahort OfroUit ourrent I s  high. 

understood, bpt %a probably associated with an a t t eck  of t h e  b a r r f e r  l a y e r  
by the plating eolution. 
umder t h e  copper g r id  l i n e s  by an appropriate heat  treatment. 
a l s o  t h e  p o s s i b i l i t y  of forming the co l l ec to r  first and th.en t h e  h a r r i e r .  
The b a r r i e r  formation proce s would not  be e lec t ropla t ing ,  but  r a the r  by 
direct chemical deposition.& SQ fer experiments i n  this d i r e c t i o n  have proven 
negat ive . 

The m o s t  successful  method f o r  forming t h e  

The cells t h a t  had c o l l e c t o r  grids made by e lec t rop la t ing  copper through 

. Thie news t o  indicate effioient 
, current 0 0 ~ ~ 5 0 n  tihe ooppsr grid, The reaaon f o r  the law Vo is not 

It may be possible  t o  reform the  barrier l aye r  
There is 

Twenty-five l i n e s  per inch grids w i t h  90% transmission can be formed by 
photo-resis t  techniques, and 70% transmission can be achieved w i t h  70 l i n e s  
per inch  by the  s t a t e  of the  a r t  i n  this laboratory.  
transmission can be improved i n  the fu tu re ,  

It i s  expected t h a t  t h e  

It i s  planned t o  t ry  gold grids p la ted  from a near ly  neu t r a l  so lu t ion  
i n  t h e  hope t h a t ,  i n  t h i s  way, the  open c i r c u i t  voltage can be r a i sed  t o  t h e  
l e v e l s  obtained with conventional laminated gr ids .  
made t o  p l a t e  gr ids  ontitanium o r  s t a i n l e s s  steel subs t ra tes ,  and then s t r i p  
them off i n t a c t  f o r  use i n  the conventional gridding process.  
only be economical but  would provide a much cleaner surface on t h e  mesh. 
mesh present ly  used i s  formed months before it i s  used and accumulates much 
contamination on t h e  surface.  

Attempts will a l s o  be 

This would not 
The 

In  an e f f o r t  t o  avoid attacking t h e  t h i n  b a r r i e r  with t h e  p l a t ing  
solut ion,  an attempt was made t o  f ab r i ca t e  a r e a r  w a l l  c e l l  by paint ing t h e  
bar r ie r  surface with an opaque s i lve r  paste,  and se l ec t ive ly  etching out  a 
g r i d  on t h e  o t h e r  s ide,  i n  the c e l l ' s  molybdenum subs t ra te .  This technique 
shows some promise, but  it i s  hampered by the  l ack  of  an etchant  which will 
remove molybdenum and not remove the CdS below, This method does have t h e  
advantage of etching from t h e  n-type CdS s ide  of t h e  ce l l ,  
about one-and-one-half m i l s  thick, so  t h a t  i f  t h e  etching so lu t ion  removes 
only p a r t  of t h e  CdS it probably K i l l  not  e f f e c t  t h e  c e l l  operation. 
i s  a p i c tu re  of  an operating rear w a l l  c e l l  t h a t  was fabr ica ted  i n  t h i s  
manner. 
unsupported when most of t h e  molybdenum l a  etched away, 

This mater ia l  i s  

Figure I 

It does present a handling problem s ince  t h e  CdS film i s  p r a c t i c a l l y  

Nickel Grid Material  

Various t e s t  c e l l s  were constructed using a 70 l p l  N i  g r i d  and an Au 
g r i d  a s  a standard.  
g r i d  immediately following lamination. However, af ter  severa l  months on one 
p a r t i c u l a r  ce l l  with a N i  g r id ,  the e f f ic iency  increased from 1.96% t o  2.165 
and t h e  gold standard g r id  remained constant a t  2.14%. 
gold f i e lds  8 higher e f f ic iency  with t h e  present  techniques used I n  c e l l  
f ab r i ca t ion .  Annealed N i  g r id s  w i l l  be t r i e d  along with varying tine lamination 
pressure  t o  determine what e f fec ts ,  if any, these  f a c t o r s  have on the  N i  g r i d  

In  a l l  cases t h e  gold g r i d  proved superior  t o  t h e  n i cke l  

On t h e  average t h e  
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Figure 1 

Rear Wall Cell  Fabr ica ted  By 
Etching S u b s t r a t e  



eff ic iency.  

Other Grid Nater ia la  
7 

Copper also aesge to  be a g r i d  material which shows promise over an 
extended period of ulpe. The urneeling preraure and oleaning which are t o  
be tried on the Ni @d oould also be applied t o  t h e  Cu 81 well. 

Cleaning aolution celled Nutra-Clean has been used successfully on 
Further  cleaning method8 w i l l  be inves t iga ted  some gold grid a a t e r i a l .  

gad t h e  c l ~ a r i i n g  nf the N i  ana Cu will e l s o  be t r i e d .  

Expanded mesh of aluminum, s i lve r ,  and n i cke l  gr ids  were obtained 
and w i l l  be t e s t e d  aga ins t  a standard goia gr id .  

SUBSTRATES 

One way t o  reduce t h e  weight and increase  t h e  wat ts  per pound r a t i o  
i s  t o  use a th inner  o r  less dense subs t ra te .  One m i l  molybdenum has 
been subs t i t u t ed  f o r  the  t w o  mil molybdenum i n  t h e  pas t ,  but  only f o r  
small  a r e a  c e l l s .  
f a c i l i t y  f o r  handling one mil molybdenum a s  subs t r a t e  mater ia l  f o r  
611 x 61' f i l m s .  
However, g rea t  care  must be taken t o  avoid any kinks o r  f o l d s  i n  the  f o i l .  
This  i s  espec ia l ly  true during the etching. T h i s  i s  s o  d i f f i c u l t  t h a t ,  a t  
present ,  t h e  mater ia l  has t o  be taped on a p l a s t i c  board and then etched 
on t h e  s ide  t h a t  i s  t o  be used. 
of t h e  t h i n  subs t ra te .  
be constructed.  

I n  t h i s  reporting per iod work was done t o  develop a 

Several  6" x 611 c e l l s  were made using one mil molybdenum. 

This minimizes the  wrinkling and denting 
Perhaps some p l a s t i c  holder employing suc t ion  w i l l  

However, t he  biggest  problem i n  preparing one m i l  molybdenum f o r  l a rge  
area subs t r a t e s  i s  t h e  condition o f  t he  mater ia l  a s  supplied,  because much 
of t h e  mater ia l  i s  already f u l l  of dents and f o l d s ,  
consulted a s  t o  t h e i r  l imi ta t ions .  

The suppl ie rs  a r e  being 

Not much work was done during t h i s  period on o ther  subs t r a t e  mater ia l s .  

The work will 
However, some two mil zirconium and t i t a n i u m  has j u s t  been received. 
work i s  a l so  scheduled f o r  invar  and o ther  a t t r a c t i v e  al loys.  
concentrate  on t h e  surface preparation of these subs t r a t e s .  

More 

PILOT LINE 

I n  order t o  supply c e l l s  for  experiments and t o  provide a base l i n e  
f o r  comparison, a standard p i l o t  l i n e  i s  cont inual ly  operated. 
has proven i t s  wor th  time and time again i n  providing answers t o  both 
improvements and i n  solving temporary d i f f i c u l t i e s .  

T h i s  l i n e  

About three-hundred-fifty c e l l s  were produced on t h e  p i l o t  l i n e  during 
t h i s  period. 
f o r  3" x 311 c e l l s .  
i s  r a the r  low, but it can be a t t r i bu ted  t o  equipment changes. 
one of t h e  major changes, and resu l t ing  temporary drop i n  e f f i c i ency  during 
t h e  period wae t he  re tool ing  of an evaporator t o  handle 6" x 6" subs t r a t e s  
enabling t h i s  piece of  equipment t o  put out four times i t s  previous y i e l d ,  

The average efficiency WEIS 2.1% f o r  1" x 3" c e l l s ,  and 2.4% 
The highest  e f f ic iency  was 4.0%. The average e f f i c i ency  

For ins tance ,  

1 0  



Natural ly  in es tab l i sh ing  
t h e  necessary adjustments 

The conversion t o  69’ 

t h i s  change several poor f i l m s  were made u n t i l  a l l  
were completed, 

x 6” areas ie a direct r e s u l t  of t h i e  contract  
under which t h e  process waa developed. 
conveniently a6 acAaller areaa, 

These l a r g e  areas  a r e  handled 88 

5 C E U  PACKAGE 
2 

A t  present  t h e  complete c e l l  package comprises t h e  CdS f i l m  and b a r r i e r  
l a y e r  on a molybdenum s i b s t r a t e ,  a mesh co l l ec to r ,  negative and pos i t fve  
leads,  and t h e  p l a s t i c  envelope, 
and mesh are not considered. 
ericapsuiai iui i ,  a i d  tile lead a i i a c h e n t  . 

In  t h i s  sec t ion  t h e  subs t r a t e ,  f i lm,  b a r r i e r ,  
I n t e r e s t  i a  di rec ted  t o  t h e  p l a s t i c ,  methods of  

P l a s t i c s  

Using samples supplied by Harshaw, t h e  NASA, Lewis Laboratory performed 
some preliminary W t e s t s  on the  fi lms. 
supplied by the  manufacturers, and the  experiences gained i n  t h i s  laboratory,  
t h e  most favorable p l a s t i c s  f o r  cell encapsulants were se lec ted .  
looked f o r  i n  t he  p l a s t i c s  were UV, temperature, and rad ia t ion  res i s tance .  
The p l a s t i c  mst a l s o  possess su f f i c i en t  t e n s i l e  proper t ies .  
t h a t  l ook  bes t  f o r  space use a r e  duPontfs H - f i l m ,  duPont’s Tedlar, and Mylar. 
H - f i l m  i s  a polyimide, while Tedler i s  a polyvinyl f luo r ide .  

Using this information, t h e  data 

The proper t ies  

The three p l a s t i c s  

Lamination of one mil H - f i l m  t o  i tself  was not successful,  and anadhesive 
layer of nylon had t o  be used. 
has a spec ia l  heat sea lab le  surface. 

No adhesive i s  needed f o r  t h e  Tedlar s ince  it 

These three  p l a s t i c s  will be compared i n  f u r t h e r  tests by NASA. These 
t e s t s  include rad ia t ion  resis tance,  U.V. r es i s tance ,  thermal proper t ies ,  
moisture permeability, and o t h e r  physical  p roper t ies  such a s  t e n s i l e  s t rength  
and e l a s t i c  modulus. 

Encapsulation 

Because o f  t h e  long heating and cooling cycle  used i n  the  present lamination 
process,  and the  d i f f i c u l t y  t h i s  causes i n  handling c e r t a i n  p l a s t i c s ,  a new 
technique i s  being sought. The present method i s  too  s low.  It is a l so  t r u e  
t h a t  t h e  op t i ca l  and physical q u a l i t i e s  of t h e  p l a s t i c s  a r e  l e s s  e f fec ted  by 
a r ap id  heat  and cool cycle than by t h e  present  much longer cycle. 

An a t t r a c t i v e  method would be impulse lamination. Severa l  samples were 
s e n t  t o  each of four  companies f o r  s ea l ing  experiments. 
t o  General E lec t r i c ,  Miniature Lamp Division, were successfu l ly  sealed.  
nylon and Kel-F p l a s t i c s  were laminated with r e s u l t s  t h a t  appear equal t o  
those  present ly  obtained by t h e  long cycle  method. 
t h a t  they s e a l  our c e l l s  on a sub-contract bas i s  s ince  t h e i r  process i s  
propr ie tory .  

Only those sent  
Mylar- 

General E lec t r i c  suggested 

Some work waa i n i t i a t e d  here on an impulse type s e a l e r .  The most favorable  
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resul ts  have been obtained on what might be termed a "resis tance heating" 
type system. 
period8 of time. 
f o r  a piece of equiprent including the proper power supply can now be drawn. 

Large amounts of e l e c t r i c a l  power a r e  necessary for shor t  
However a f t e r  several  testa,  it is f e l t  t h a t  spec i f i ca t ions  

Another type of sealer that his8 been investigated i s  the heated ro l l er  
type. This seals the plestios well but tends to trap vapors e t  thedgee 
of the oell. There are ways that a new peokage oould be developed employing 
this heated mUer tschniquu. 
the package e.g. patting the mesh colleotor on the barrier, 

It might elso be q l o y e d  in pre888e111blhg 

Lead Attachment 

h e  weak point  i n  t'ne c e i i  package is t'ne negative arid pusiiive i aed  
attachment. 
during the  lamination process. 

Unt i l  now t h i s  has been only a pressure contact es tab l i shed  

To a l l e v i a t e  t h e  problem of the pressure contacts ( s i l v e r  t o  t h e  
molybdenum, and s i l v e r  t o  t h e  gold mesh) separating, other  precautions 
s h a l l  be taken. 

In order t o  insure a good contact t o  t h e  molybdenum subs t ra te ,  a t a b  
will be extended from one edge. This molybdenum t a b  will have t o  be t r e a t e d  
by p l a t ing  or  some other  process which will allow it t o  be t inned f o r  soldering. 
An a l t e r n a t e  method i s  t o  spot weld a solderable  metal t a b  t o  t he  subs t r a t e .  

There a r e  two methods of attaching t h e  pos i t ive  s i l v e r  lead  t o  t h e  mesh, 
One is thermal-compression bonding. 
before  lamination, then under t h e  conditions of temperature and pressure of 
lamination, a so lder  j o i n t  i s  formed between t h e  mesh and lead. 
l iminary  tests it appears t h a t  cer ta in  f luxes  must be avoided a s  they damage 
t h e  b a r r i e r .  

The other  i s  t o  have the  lead  t inned 

From pre- 

All other  connections, e.g. terminals on t h e  end of t h e  leads,  will be 
spot  welded. 

These improvements should insure a c e l l  package t h a t  will not l o se  
e l e c t r i c a l  contact  under extreme temperature condi t ions.  

Other Improvements 

During this report ing period, 1 2  each 1" x 3" c e l l s  were supplied t o  
These c e l l s  a r e  shown i n  t h e  contract  monitor f o r  thermal cycling t e s t s .  

Table V I .  

Some c e l l s  have been t e s t e d  a t  very high temperatures. Other c e l l s  a r e  
s t i l l  t o  be t e s t ed .  However f rom the r e s u l t s  of the t e s t s  a t  extreme 
temperatures, it was evident t h a t  some changes should be made i n  t h e  c e l l  
package, 
t h e  edges of t h e  subs t ra te  duringtempereture  cycling. 
expanding and contract ing m e t a l  working aga ins t  t he  p l a s t i c  a t  t h e d g e  cf 
t h e  metal  subs t ra te .  
process  . 

One problem area t h a t  showed up was t h e  c u t t i n g  of t h e  p l a s t i c  by 
This i s  due t o  t h e  

The p l a s t i c  is thinned i n  this area during t h e  lamination 
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To prevent any cu t t i ng  of the p l a s t i c  by t h e  t h i n  m e t a l  subs t ra te ,  
t h e  corners of t h e  subs t r a t e  will be rounded and t h e  edges sanded. 
w i l l  a l s o  be a p l a s t i c  p ic ture  frame of reinforcement t o  e l iminate  t h e  t h i n  
area in t h e  plaatic t h a t  t he  edges of t h e  subs t r a t e  work aga ins t  when aub- 
jscted t o  repeated expanr~ion and oontreotion during tempereture changes. 

There 

S t i l l  another lmprovament incorporated i n  t h e  present  package i s  t h e  
The purpoae of t h e  black I s  t o  improve t h e  d a s i v l t y  new black backing. 

of t h e  package t o  about 0.9. 
now it is banded t o  t h e  p l a e t i c  by heat.  

'. Previously t h i s  black tended t o  chip  off, 

EQUIVALE3T CIRCUIT MODEIS 

It is  of continuing i n t e r e s t  t o  consider various equivalent c i rcui t  
models f o r  a s o l a r  c e l l .  
shunted by a diode: 

One model cons i s t s  of a cu r ren t  generator 

The output ( IT . )  of t he  current  generator is a fi n c t i  
l i n e a r ) - o f  th; i n t e n s i t y  of the- l igh t  f a l l i n g  on t h e  

n (usua l ly  assumed 
c e l l .  The diode has 

an exponential  cha rac t e r i s t i c ,  ( sa tura t ion  cur ren t  I,). As a c i r c u i t  
element, t h e  func t iona l  re la t ionship  of cur ren t  (I) and voltage ( V )  of t h e  
model i s  given by: 

I = Io (exp (q  V/AkT) - 1) - IL 

where q = t h e  change of  the  electron, k = Boltzmannls constant,  T = t h e  
absolute  temperature and A i s  a parameter given a s  equal t o  un i ty  by t h e  
e a r l y  d i f fus ion  theory of t h e  s i l i con  c e l l .  

A t  this laboratory,  E.R. H i 1 1 5  was able t o  l lf i t l l  curves o f  t h e  above 

The bes t  f i t  of each curve was obtairied 
mathematical model t o  p l o t s  of experimental data  obtained on cadmium s u l f i d e  
s o l a r  cells, (refer t o  Fig.  #2) .  
us ing  values from 3 t o  4 f o r  t h e  parameter, A .  

Another model adds a s e r i e s  res is tance,  R,: 
-4 

w l t h . t h e  corresponding I-V re lat ionship:  

I = Io (exp ( 0 V-IRs)q/AkT)-l)-IL. 

14 
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ACTUAL and CAUNLATED I - V CURVES 



When R has an appreciable e f f ec t  on t h e  I - V  cha rac t e r i s t i c ,  i t s  value 
can besestinated t o  be approAmately equal t o  t h e  rec iproca l  of t h e  s lope  
a t  t h e  open circuit vol tage in te rcept .  Another way of estimating Re 
involves taking experimental p l  t s  of t h e  I-V Charac ter i s t ic  of a c e l l  
at  d i f f e r e n t  l i g h t  On t h e  "kneelt of each curve, a po in t  i s  
as lea ted  which has t h e  88108 incremental difference i n  cur ren t  from IL, 
( r e f e r  t o  Fig. 153). A s t r a i g h t  l i n e  is f i t t e d  t o  t h e  points and t h e  
rec iproca l  of its slop8 is chosen as an estimate of R,. 

i 

In t h e  caee shown i n  t h e  Figure 83, Rs was estimated t o  be approA- 

The middle curve i n  Figure 3 
mately 1 ohm. 
vol tage on a scope t r ace  of  t h e  I - V  curve. 
was made under t h e  standard l i g h t  i n t e n s i t y  and co lor  of t he  rout ine  
laboratory cell t e s t s .  
r e s u l t i n g  data  gave a value of A, approximately equal t o  3.5. 

That  value was a l s o  estimated from the  slope a t  open c i r c u i t  

The effect  of  Rs was m t h e m a t i c d l y  removed 6fid the 

A t h i r d  model includes a shunt r e s i s t ance  R,h: 
-1 

I I 1- 

Its I - V  c h a r a c t e r i s t i c  i s  conveniently expressed logarithmically:  

I I  
Notice t h a t  there  a re  f i v e  parameters: Io, It, R,, Rsh, and A i n  t h i s  
equation. 
keep the  t h e o r e t i c a l  curve in a narrow channel about t he  experimental curve. 

It i s  possible  t o  sh i f t  t h e i r  r e l a  i v e  values somewhat and y e t  

The above discussion suggests t h a t  d i f f e r e n t  i nves t iga to r s  may f i n d  
d i f f e ren t  values f o r  ce r t a in  parameters depending upon how they have 
approached t h e  problem. 

Evaluation of t h e  t h i r d  model will proceed with the  se lec t ion  of f i v e  
points ,  (v i ,  11) ( ~ 2 ,  12), . . , ( V  , I s ) ,  f rom an experimental I-v curve. 
The I - V  c h a r a c t e r i s t i c  equation w i l  ? be wri t t en  f o r  each of t he  po in t s  and 
w i l l  be solved f o r  t h e  f i v e  parameters, 
should y i e l d  values of the  f i v e  parameters giving a curve which would pass 
close t o  t h e  f i v e  se lec ted  points.  
t h e  I - V  c h a r a c t e r i s t i c  of t he  c e l l  t o  a degree l imi ted  p a r t l y  by t h e  accuracy 
with which t h e  o r ig ina l  points  were chosen and p a r t l y  by t he  inadequacies 
of t h e  equivalent c i r c u i t  model. 

The method of successive approximations 

The curve found i n  t h i s  way would represent  
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. .  
WORK PLAN") FOR THE "I! PERI;OD 

Work will continue on handling one mil molybdenum a8 a l a r g e  area 
substrate .  Several other  aubatrate materiels w i l l  be t r ied with special 
emphasis on the m f a c e  preparation of these mater ia ls .  

powder material. 
Nore ~weespnsntr  will be made on the films eapsaially thoar from 

These will be correlated with the ce l l  propert ies .  

Hore work w i l l  be done on the r e s i s t ance  heat ing lamination technique, 
A working model will be designed. 

Collector e lectrode work will be continued. Ehphasis will be placed 
V A A  J.&A aqndhg 8 ple t ing  ~ o l . c l t l ~ f i  thet h i l l  ellow electroformiing i i i  ~ i i u  - i th -  
a u t  destroying t h e  ba r r i e r .  

During t h i s  period the r e s t  o f  t he  c e l l s  s t i pu le t ed  i n  theecontract  
s h a l l  be made and t e s t ed .  

The production f e a s i b i l i t y  study w i l l  be completed et t h e  end of  this 
p r iod .  
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CC6T SECTION 

The’ following personnel have 
end oharged % h e  approxbkafX3ly 88 
through 26 lfov 1963. 

Name 

J.C. Schaefer 
T.A. Griffin 
R.W. Olmsted 
W.W. Baldauf 
D.H. Dickey 
R.W. Humrick 
R.F. Belt 
J.D. Nixon 
E.R. Hill 
E.L. Lind 

contributed to the work 0f.thi.e contract 
Indicated during the period 26 July 1963 

Duties 

Project Director 
Principal InvestigatorSupervisor 
Physicist-Design and Testing 
Chemis t-Array FGicepaiiletioii 
Physicist-Collector Fabrication 
Physicist-Cell Fabrication 
Physical Chemist-X-ray 

Physicis t-Testing 
Pwsi Ci s t -AdKisoW 

Physici B t -Add s OW 

Professional Hours 
Technician Hours 
Miscellaneous Analytical, Testing and Shop Labor 

Total Labor Hours 

Total Labor Expendi- 
tures 

A t  104.97% Overhead 

Materials Costs 
Attending Technical 

Meetings 

Rrs . - 
162% 
519 

an8- 

131 
63 
60 
15 
6 

5972 

iijt 

$12,771.14 

$13,405 87 

$26,177.01 

300.00 

$27,900.01 
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